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Abstract A series of 1T -FexTa1−xSSe (0 ≤ x ≤ 0.1) single crystals was
fabricated via the chemical-vapor-transport (CVT) method and investigated
by structure, transport, and magnetic measurements along with the density-
functional-theory (DFT) calculations. The superconductivity (SC) in parent
1T -TaSSe can be gradually suppressed by Fe-substitution (x ≤ 0.03), accom-
panied by the disappearance of charge-density-wave (CDW). DFT calculations
show that the Fe-substitution effectively inhibits the CDW superstructure and
thereby the CDW domains are destroyed. With further increasing x (x > 0.03),
the disorder-induced scattering increases, and the system enters into the possi-
ble Anderson localization (AL) state. Our results prove the SC develops in the
CDW phase and coexists with the CDW domain in 1T -TaSSe system.
Superconductivity (SC) often emerges in the vicinity of symmetry-breaking
ground state, such as stripe order in cuprates,[1] spin-density-wave (SDW) in
iron arsenides,[2] and especially, charge-density-wave (CDW) in transition-metal
dichalcogenides (TMDs).[3, 4, 5] The interplay between the electronic order and
SC has been extensively studied for decades, however, the understanding that
electronic order competes, coexists, or supports SC remains mostly controver-
sial.
The classical CDW is the periodic modulation of conduction electron density
in solids, which is generally considered as competing with SC. In cuprates, the
competition was early supposed in La1.8Ba0.2CuO4 on the basis of heat capacity
and optical studies,[6] and recently, was directly observed in YBa2Cu3O6.67 via
high-energy X-ray diffraction (XRD) experiment.[7] However, in the organic ma-
terial α-(BEDT-TTF)2KHg(SCN)4, the SC coexists with CDW under pressure,
which is realized within boundaries between CDW domains,[8] similar to the SC
in NbSe3 at ambient pressure.[9] Recently in 1T -TiSe2, the high-pressure XRD
experiment also indicates that its SC is likely associated with the formation of
CDW domain walls.[10]
Among many TMDs, 1T -TaS2 has attracted special attention due to the
formation of several CDWs. Below T = 180 K, it forms a commensurate CDW
(CCDW) order with
√
13 ×
√
13 superstructure.[11, 12, 13, 14] With increas-
ing temperature, it melts into a nearly-commensurate CDW (NCCDW), which
forms roughly hexagonal CDW domains.[15] The electronic phase diagrams in
pressurized 1T -TaS2,[16, 17] 1T -FexTa1−xS2 (0 ≤ x ≤ 0.05),[18, 19] or 1T -
TaS2−xSex (0 ≤ x ≤ 2),[20, 21] uniformly show the SC coexists with the NC-
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CDW phase. In 1T -TaS2, the Mott CCDW order almost completely gaps the
Fermi-surface (FS) due to strong electron-electron interaction so that it prob-
ably leaves no states for the superconducting condensate. As it melts into the
NCCDW phase with the formation of CDW domains, the SC resides in.[18, 20]
Therefore, we further selected 1T -TaSSe as the parent material, with T onsetc =
3.8 K and TNCCDW = 392 K, to establish the relationship of SC and CDW
domain. Besides the hydrostatic pressure method, the element doping can be
effective to influence the CDW superstructure and the SC state.
In this letter, a series of Fe-substituted 1T -FexTa1−xSSe (0 ≤ x ≤ 0.1) single
crystals was fabricated via the chemical-vapor-transport (CVT) method. The
XRD patterns were obtained on a Philips X’pert PRO diffractometer with Cu
Kα radiation (λ = 1.5418 A˚). The average stoichiometry was determined using
X-ray energy dispersive spectroscopy (EDS) with a scanning electron microscopy
(SEM). The EDS results indicate that the actual concentration x is close to the
nominal one. The resistivity (ρ) and magnetic susceptibility (χ) were measured
in Quantum Design PPMS-9 and MPMS-5.
The first principles calculations were performed employing the norm-conserving
pseudopotential plane wave method based on DFT using the ABINIT code.[22,
23, 24] The local-density approximation (LDA) parameterized by Perdew and
Wang (PW92)[25] was used to exchange-correlation functional in our calcula-
tions, since it can predict the accurate lattice parameters compared with our
experimental data. The plane-wave cut-off energy was set to be 800 eV. We use
a
√
13×
√
13 superlattice in Ta-plane to model the CCDW superstructure within
domains.[13, 26] Brillouin zone (BZ) sampling was performed on a Monkhorst-
Pack (MP) k-point mesh[27] of 6× 6× 12 for the structural relaxation, and an
8 × 8 × 16 MP grid was chosen for the electronic structure calculations. The
Fermi-surface was calculated on a dense k-point mesh grid of 16× 16× 24.
Figure 1(a) shows the XRD patterns of 1T -FexTa1−xSSe (0 ≤ x ≤ 0.1) single
crystals at room temperature, in which only (00l) reflections were observed,
indicating the crystallographic c axis is perpendicular to the crystal plane. With
increasing x, the diffraction peaks slightly shift to higher angle degree, which
is illustrated by the enlargement of peak (005) shown in Fig. 1(b), indicating
small decrease of layer space. It is mainly due to the smaller radius of Fe
than that of Ta atom. Figure 1(c) shows the refinement result of powder 1T -
TaSSe. All the reflections can be indexed in the P -3m1 space group and the
lattice parameters are obtained to be a(= b) = 3.4173(8)A˚ and c = 6.1466(4)A˚.
The crystal structure shows the Ta-plane is sandwiched by randomly occupied
chalcogen (S and Se) layers coordinating the central Ta atom in an octahedral
arrangement. Figure 1(d) shows the evolution of lattice parameter c, which
decreases from 6.13 A˚ for x = 0 to 6.09 A˚ for x = 0.06. A slight upturn of c
at x = 0.1 (c = 6.10 A˚) is caused by the reduction of actual S/Se ratio. The
calculated maximum variation of c to be only 0.6% (δ = (cx=0.06− cx=0)/cx=0),
indicating a weak lattice effect.
Figure 2 shows the temperature-dependent in-plane resistivity ratio ρ/ρ300K .
Compared with the case of 1T -TaS2, in 1T -TaSSe the Mott CCDW phase is
entirely melted into the NCCDW phase.[20] At low temperature, 1T -TaSSe
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exhibits SC with the optimal T onsetc = 3.8 K, accompanied with a resistiv-
ity maximum point at T = 133.8 K. With increasing x, the T onsetc decreases
monotonously and could not be observed for x = 0.03 within the measurement
limitation T ≥ 2 K, as shown in the inset of Fig. 2(a). Additionally, we fitted the
normal-state resistivity from 3.8 K to 12 K for 1T -TaSSe using the power-law
equation ρ(T ) = ρ0 +AT
α, where ρ0 is residual resistivity and A is a constant.
The fitting parameter α value of 0.92(4) shows nearly T -linear dependence, indi-
cating the electron-phonon scattering dominates. Furthermore, the temperature
of ρmax decreases to T = 10.8 K for x = 0.03, which is probably due to the
enhanced Fe-substitution disorder. As x ≥ 0.06, the resistivity rapidly increases
with decreasing temperature in the low temperature range, which is possibly
ascribed to the disorder-induced Anderson localization (AL),[28] as suggested
previously in Fe-doped 1T -TaS2.[18, 29]
In Fig. 2(b), an obvious resistivity drop was observed in 1T -TaSSe at TNCCDW =
392 K. As reported in 1T -TaS2−xSex (0 ≤ x ≤ 2),[20] the 392 K NCCDW in
1T -TaSSe is enhanced from the 355 K NCCDW in 1T -TaS2. In the NCCDW
phase, several tens of David-stars organize into hexagonal domains. Variable
temperature STM study indicates that the CDWs are approximately commen-
surate within the domains and there is a phase shift between domains.[30] With
increasing x, the NCCDW transition is gradually suppressed, and disappears
at x = 0.03. Most significantly, the level (x = 0.03) is the same as that at
which the SC state disappears. It suggests that the relationship between SC
and the NCCDW phase is coexistent in 1T -FexTa1−xSSe system. In addition,
we measured the magnetic susceptibility (4piχ) to establish the SC state of the
samples (x = 0, 0.01, 0.02) with zero-field-cooling mode (ZFC), as shown in
Fig. 3. Undoubtedly, the obvious diamagnetic signal occurs at ∼ 3.5 K for x =
0, demonstrating its SC state. Although it is not diamagnetic for x = 0.01 and
0.02, an obvious transition is observed, in consistent with the resistivity data. It
is mainly due to the small superconducting volume fraction. The inset of Fig. 3
shows the M(H) curve for x = 0 at 2 K, indicating a typical type-II behavior.
In order to understand the Fe-substitution effect, we subsequently performed
the DFT calculations. It is well known for 1T -TaS2 and 1T -TaSe2, in CCDW
phase the Ta displacements form a star-like cluster (the so-called “Stars-of-
David”), which is interlocked by forming a triangular superstructure with a√
13×
√
13 periodicity (see Fig. 4(a)).[13, 26] In the NCCDW phase of 1T -TaSSe,
the CDWs within the domain is commensurate, which allows us to adopt such
a CCDW superstructure as 1T -TaSSe initial structure model. The initial struc-
ture was fully relaxed by taking into the lattice parameter and atom position
optimizations, and the optimized structure was used for property calculations.
For 1T -TaSSe, as shown in Fig. 4(b), the CCDW-induced reconstruction of lat-
tice is reproduced as the cases in 1T -TaS2 and 1T -TaSe2 systems. In the CCDW
superlattice, Ta has three inequivalent sites including the center, the first, and
second rings of “Stars-of-David”cluster (named by Ta(0), Ta(1), and Ta(2) in
Fig. 4(a)). Our calculation shows that the structure with Fe locating at Ta(0)
site has the lowest energy, indicating the structure stability. The substitution
that Fe prefers to locate at the center position is not surprising, since it can be
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easy to attain the force balance of atoms. We found that the Fe-substitution
can effectively inhibit the CCDW superstructure, which is different from the
case of S/Se-substitution. As shown in Fig. 4(c), the CCDW cluster has almost
disappeared for x = 1/26.
Figure 4(d) shows the calculated density of states (DOS) of 1T -TaS2, 1T -
TaSe2, and 1T -TaSSe. The overall character of DOS is similar and the pseudo-
gap appears at the Fermi level (EF ), which is consistent with the previous
experimental and theoretical reports in 1T -TaS2 and 1T -TaSe2.[31, 32, 33] Such
pseudo-gap is due to the localization of Ta-5d electrons in CCDW-reconstructed
structure. In order to simulate the low Fe-doping level in our experiment, we use
the maximum
√
13 ×
√
13 × 3 superlattice which corresponds to the minimum
x = 1/39. The pseudo-gap is gradually suppressed with increasing x and the
dip in DOS moves to higher energy (see Fig. 4(e)). The increase of DOS at
EF (N(EF )) indicates the enhancement of metallic conduction. In Fig. 4(f),
the projected DOS shows the N(EF ) is dominated by the Ta-5d states and the
little S-3p and Se-4p states. The delocalization of Ta-5d electrons is attributed
to the suppression of CCDW superstructure due to the Fe-substitution.
Since Fe-substitution effectively destroys the CCDW superstructure, one can
expect the band structure and FS can be well modified in 1T -FexTa1−xSSe. As
shown in Fig. 5(a), for 1T -TaSSe, the Ta-5d state becomes localized in the in-
plane directions, which results in a localized uppermost band along Γ-M -K-Γ at
about -0.3 eV. The band at EF disperses only along Γ-A direction, indicating
the existence of quasi-one-dimensional FS (see Fig. 5(c)), which is similar to
the case of 1T -TaS2.[34, 18] However, for 1T -FexTa1−xSSe, the band structure
changes especially around EF . For comparison, here we show the band structure
of 1T -FexTa1−xSSe with x = 1/13 in Fig. 5(b). The four bands across the EF
and have large dispersion along Γ-M -K-Γ directions, which is related to the
delocalization of Ta-5d electrons in the basal plane. The hole and electron
pockets compose the FS (see Fig. 5 (d)) with the three-dimensional character.
Our present calculations show the Fe-substitution can effectively suppress
the CDW order, consistent with our experimental observation. Once the CDW
order is fully suppressed, the SC synchronously disappears. The electron-phonon
(e-p) interaction may play an important role in CDW formation of 1T -TaSSe,
as argued by Liu et al. in 1T -TaS2.[35] The weakening of electron-phonon
interaction associated with the deformation of CDW domains could be one
of the reasons for the disappearance of SC. In addition, we must point out
that in the theoretical calculations we did not consider the disorder induced
by Fe-substitution, which exists in real samples. The high-level substituted
1T -FexTa1−xSSe (x ≥ 0.06) shows the possible disorder-induced AL[28] is un-
derstandable, as the case in Fe-substituted 1T -TaS2.[18, 29]
Finally, we summarize the overall electronic phase diagram of 1T -FexTa1−xSSe
(0 ≤ x ≤ 0.1), as shown in Fig. 6. The NCCDW is gradually suppressed
with slight Fe-substitution, more effectively than by the hydrostatic pressure
method. The NCCDW and SC states are synchronously suppressed as x ≤ 0.03.
With increasing x, it finally turns into the possible disorder-induced AL state.
Figure 6(b) depicts a schematic diagram of the effect of Fe-substitution on
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the CDW, electron-phonon coupled SC, and disorder scattering. In 1T -TaSSe
(x = 0), the hexagonal CDW domains form and the electron-phonon coupling
is strong enough to support the CDW and SC orders. With increasing x, the
CDW domain is gradually destroyed and at the same time, the disorder-induced
scattering center emerges. The electron-phonon interaction becomes weaker,
accompanying with the deformation of CDW domain, which causes the sup-
pression of SC. As x > 0.03, the CDW domain is almost broken and the density
of scattering centers are significantly enhanced, which results in the possible AL
state. The Fe-substitution at Ta-site gives a new insight that the SC and CDW
domain is coexistent in 1T -TaSSe system.
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Figure 1: (a) Single-crystal XRD patterns of 1T -FexTa1−xSSe (0 ≤ x ≤ 0.1).
(b) The enlargement of peak (005). (c) Powder XRD pattern with Rietveld
refinement for 1T -TaSSe (x = 0). Inset shows the crystal structure of 1T -TaSSe
with randomly occupied S and Se atoms. (d) The evolution of lattice parameter
c.
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Figure 2: (a) Temperature dependence of in-plane resistivity ratio ρ/ρ300K (T ≤
300 K). The inset magnifies the superconducting region. (b) ρ/ρ300K (T ≥ 300
K).
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Figure 3: Temperature dependence of magnetic susceptibility (4piχ) for 1T -
FexTa1−xSSe (x = 0, 0.01, 0.02) with H = 10 Oe. Inset: the M(H) curve for
x = 0 at 2 K.
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Figure 4: (a) Ta basal plane with lattice distortion caused by the
√
13 ×
√
13
superstructure. In the “Stars-of-David”clusters, Ta(0), Ta(1), and Ta(2) are
respectively corresponding to the center atoms, the first, and second rings of Ta
atoms. (b) Electron density contour map in Ta-plane of 1T -TaSSe with CCDW
superlattice. (c) Electron density contour map in Ta-plane of Fe-substituted 1T -
FexTa1−xSSe (x = 1/26). The red points denote the Fe atoms. (d) DOS for 1T -
TaS2 (black), 1T -TaSe2 (red), and 1T -TaSSe (blue) in the CCDW superstruc-
ture. (e) DOS near the Fermi level for 1T -TaSSe (blue) and 1T -FexTa1−xSSe
with x = 1/39 (cyan), x = 1/26 (magenta), and x = 1/13 (olive). (f) Orbital-
projected DOS for 1T -FexTa1−xSSe with x = 1/26.
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Figure 5: Band structures of (a) 1T -TaSSe (x = 0) and (b) 1T -FexTa1−xSSe
(x = 1/13) in the
√
13×
√
13×1 superlattice. The bands crossing the Fermi level
are plotted with colored points. The top inset in (a) shows the high symmetry
directions within the Brillouin zone. The calculated FS of (c) 1T -TaSSe (x = 0)
and (d) 1T -FexTa1−xSSe (x = 1/13).
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Figure 6: (a)The electronic phase diagram of 1T -FexTa1−xSSe (0 ≤ x ≤ 0.1).
(b)The orange hexagons represent the CDW domains. With increasing x, the
CDW domain is gradually destroyed, accompanied with weaker electron-phonon
(e-p) interaction, and simultaneously, the Fe-substitution induced disorder scat-
tering grows.
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